Introduction {#sec1}
============

The CRISPR-Cas9 gene-editing system consists of a short guide RNA (sgRNA) conferring target sequence specificity, which complexes with the Cas9 endonuclease to enable site-specific DNA cleavage.[@bib1], [@bib2], [@bib3] This could result in gene knockout following nonhomologous end joining (NHEJ) or in the presence of a repair template, gene knockin through homology-directed repair (HDR). The targeting of sgRNAs to two sites flanking a genomic region of interest can result in the complete removal of the gene segment following NHEJ, which could be important in the silencing of genetic elements with no open-reading frames, such as microRNAs or long noncoding RNAs.[@bib4]^,^[@bib5] CRISPR-mediated gene editing is contingent upon nuclear colocalization of both the Cas9 protein and sgRNA, and efficient intracellular delivery of CRISPR components remains a challenge.

Viral vectors have been demonstrated to be effective for delivery but are more challenging to produce for both preclinical and clinical studies and restricted in cargo size. This is problematic, as the Cas9 gene is over 4 kb long, and delivery using adeno-associated viruses (AAVs; packaging capacity ∼4.7 kb) sometimes requires that different CRISPR components be packaged in separate viral particles, introducing complexity and potentially reducing efficacy.[@bib6]^,^[@bib7] Synthetic vectors are largely agnostic to cargo size, and several recent reports have demonstrated strategies for nonviral intracellular delivery of the CRISPR-Cas9 gene-editing platform. These include nanoparticle delivery of Cas9 and sgRNA as a ribonucleoprotein (RNP) complex[@bib8], [@bib9], [@bib10], [@bib11], [@bib12] or in the form of Cas9 mRNA and sgRNA.[@bib13]^,^[@bib14] Cas9 and sgRNA encoded in plasmid DNA are another delivery format for CRISPR gene editing. Plasmid DNA can be easily constructed using standard molecular cloning techniques to include different Cas9 structures,[@bib15]^,^[@bib16] multiplex sgRNA,[@bib17] and transcriptional targeting elements for cell type-specific editing.[@bib18] Furthermore, large libraries of biomaterials previously used for plasmid DNA delivery can be screened for CRISPR gene editing in a high-throughput manner[@bib19] to yield optimal formulations for gene editing in different applications.

It is important to note that delivery of CRISPR gene-editing complexes in the form of plasmid DNA carries several potential safety concerns that must be taken into account when designing translationally relevant therapeutics. For example, there is a risk of plasmid DNA unintentionally integrating into the host genome, inducing insertional mutagenesis when highly active promoter elements are inserted into oncogenes or disrupt tumor-suppressor genes.[@bib20] Furthermore, plasmid DNA encoding Cas9 and sgRNA increases the persistence time of CRISPR RNPs inside the cell, which has been shown to increase off-target editing.[@bib21] In this respect, delivery of CRISPR gene-editing complexes in the form of mRNA or proteins has the benefit of low persistence time and reduced off-target editing. As effective nonviral delivery vehicles for mRNA or protein complexes are still somewhat lacking, however, CRISPR delivery in these formats can often suffer from low serum tolerance or poor *in vivo* efficacy.[@bib22]

Although several studies have reported strategies for nonviral CRISPR plasmid delivery,[@bib18]^,^[@bib23], [@bib24], [@bib25], [@bib26] most involve gene-knockout applications using sgRNA designed to enable cleavage at a single site, and none, to our knowledge, have investigated the transfection requirements for gene deletion after cleavage at multiple sites. In this study, we designed a novel reporter system for easy detection of gene knockout following CRISPR-mediated cleavage at one genomic site (1-cut edit), as well as gene deletion following DNA cleavage at two sites flanking a region of interest (2-cut edit). We used poly (beta-amino esters) (PBAEs), a class of biodegradable cationic polymers that have been shown to be effective at plasmid DNA delivery[@bib27] for intracellular delivery of plasmid DNA encoding both the Cas9 endonuclease and sgRNA, respectively, and demonstrate that these polymeric nanoparticles enable efficient 1-cut, as well as 2-cut, edits. Moreover, we systematically varied transfection parameters to probe the relationship between the expression of CRISPR components and the subsequent efficacy of different types of CRISPR-mediated edits. Our results provide important insights on the threshold gene-expression levels required for 1- and 2-cut edits in easy-to-transfect, as well as hard-to-transfect, cell lines.

Results {#sec2}
=======

Polymeric Nanoparticles for Gene Delivery {#sec2.1}
-----------------------------------------

Polymer 446, which has been shown previously to be effective at plasmid DNA delivery to a variety of cells,[@bib28]^,^[@bib29] was used to transfect HEK293T cells ([Figure 1](#fig1){ref-type="fig"}A). The newly developed branched polymer 7,8-4-J11 enabled higher transfection efficacy in B16-F10 murine melanoma cells[@bib30] ([Figure S1](#mmc1){ref-type="supplementary-material"}) and was used to transfect these cells. Both polymers formed nanoparticles 100--200 nm in diameter with positive zeta potentials (12--25 mV) ([Figure 1](#fig1){ref-type="fig"}B). Transfection efficacy, as assessed with a GFP reporter plasmid, showed that \>80% cells were transfected in both cell lines ([Figure 1](#fig1){ref-type="fig"}C). However, when geometric mean fluorescence was used to quantify expression, 293T cells achieved expression that was nearly 1 order of magnitude higher than B16 cells.Figure 1PBAEs Form Nanoparticles with Plasmid DNA and Enable Transfection in HEK293T and B16-F10 Cells(A) Polymer structures for 446 and 7,8-4-J11, which were used to transfect HEK293T and B16-F10 cells, respectively. (B) Nanoparticle hydrodynamic diameter and zeta potentials, as measured by dynamic light scattering. 446 nanoparticles were formulated at 60 w/w, whereas 7,8-4-J11 nanoparticles were formulated at 30 w/w. (C) Transfection efficacy, as measured by nanoparticles delivering GFP; 600 ng/well dose was used. Bars show mean + SEM; n = 4. (D) TEM image of 7,8-4-J11 nanoparticles. Scale bars, 100 nm.

Gene Knockout Following 1-Cut Edits {#sec2.2}
-----------------------------------

The efficiency of 1-cut edits was assessed in 293T cells constitutively expressing a destabilized form of GFP (GFPd2). GFPd2 is ubiquitinylated for rapid degradation and has a half-life (*t*~1/2~) of around 2 h (compared to a half-life of 26 h for wild-type GFP).[@bib31] This allows for rapid detection of gene knockout, which can be assessed by a decrease in GFP fluorescence following transfection with nanoparticles encapsulating two plasmids encoding the Cas9 endonuclease and a sgRNA targeting GFP, respectively. Nanoparticles codelivering both plasmids enabled coexpression, generating 70% gene knockout, as assessed by a decrease in GFP fluorescence, and 24% gene knockout, as assessed by Tracking of Indels by Decomposition (TIDE) analysis of genomic DNA; formulations delivering either component alone had negligible effects ([Figure 2](#fig2){ref-type="fig"}A). A kinetic study revealed that gene knockout reached maximal levels on day 3 and was maintained for over 3 weeks ([Figure 2](#fig2){ref-type="fig"}B). The Surveyor mutation detection assay was performed on cells treated with the combination nanoparticles or each component alone ([Figure 2](#fig2){ref-type="fig"}C) and confirmed that edits occurred only when both CRISPR components were delivered. Sanger sequencing revealed that most edits were single base-pair indels ([Figure 2](#fig2){ref-type="fig"}D; [Figure S2](#mmc1){ref-type="supplementary-material"}), which likely caused frameshift mutations and subsequent gene silencing.Figure 2446 Nanoparticles Enable Sustained and Robust Gene Knockout in HEK293T Cells(A) GFP knockout experiments in HEK-GFPd2 cells showed gene knockout only when plasmids coding for both components were codelivered. Gene knockout was assessed by flow cytometry analysis of loss of GFP fluorescence and using TIDE analysis of Sanger sequencing data of genomic DNA of treated cells. n = 4; data presented as mean+ SEM. (B) Gene knockout was sustained over the 3-week experiment. n = 4. (C) Surveyor mutation detection assay confirms genomic DNA cleavage in the Cas9+/sgRNA+ treatment group. (D) Sanger sequencing of edited cells suggest that all edits were small indels. sgRNA targeting region highlighted in gray; protospacer adjacent motif (PAM) site highlighted in red.

Gain-of-Function Edits after 2-Cut Stop-Cassette Deletion {#sec2.3}
---------------------------------------------------------

We designed a reporter system based on the Ai9 mouse[@bib32] in which an expression stop cassette consisting of two simian virus 40 (SV40) terminators in series was placed upstream of a red-enhanced nanolantern (ReNL) fluorescence-luminescence dual reporter[@bib33] ([Figure 3](#fig3){ref-type="fig"}A). This CRISPR-stop expression cassette was cloned into a piggyBac transposon plasmid to facilitate genomic integration at high efficiency after cotransfection with a piggyBac transposase plasmid.[@bib34] A near-infrared fluorescent protein (iRFP670)[@bib35] was also incorporated into the system as a selection marker for positively expressing cells during fluorescence-activated cell sorting (FACS). Thus, this system can be easily used to generate stably expressing reporter cell lines for rapid readout of knockout, as well as deletion mutations.Figure 3Deletion of an Expression Stop Cassette Following 2-Cut Edits Results in Gain-of-Function ReNL Expression(A) Schematic demonstrating that complete removal of the dual-SV40 stop cassette results in turning on ReNL. (B) 2-cut gene-deletion efficiency in cells treated with Cas9 and different sgRNAs, as assessed by flow cytometry, for turning on the ReNL fluorescence reporter (Fluorescent Reporter), gel electrophoresis-based genomic DNA analysis for total % editing (Total Edits), and % editing leading to ReNL expression (Effective Edits). n = 4; data presented as mean + SEM. (C) Gel electrophoresis of PCR products of the genomic region surrounding the stop cassette show differential banding patterns in treated cells. (D) Fluorescence microscopy image of untransfected control cells and cells transfected with Cas9 + sg1 or Cas9 + sg2 + sg3 plasmids, respectively. Scale bars, 200 μm.

The sgRNA sequence sg1, which was designed to remove both SV40 sequences (cut sites indicated by blue arrows in [Figure 3](#fig3){ref-type="fig"}A) via a 630-bp deletion, resulted in turning on ReNL expression in nearly 50% of cells when cotransfected with the Cas9 plasmid. In contrast, sgRNA sequences sg2 or sg3 were designed to remove only one SV40 sequence and yielded negligible levels of ReNL expression. A plasmid containing both sg2 and sg3 sequences governed by two U6 promoters (sg2 + sg3) also resulted in turning on expression through the deletion of both SV40 sequences ([Figure 3](#fig3){ref-type="fig"}B). Gain of ReNL fluorescence increased steadily after nanoparticle transfection, reaching a plateau at 3 days ([Figure S3](#mmc1){ref-type="supplementary-material"}). Therefore, all experiments assessing the efficacy of 2-cut edits were performed at 3 days post-transfection. Genomic DNA of cells treated with each sgRNA was PCR amplified for the 800-bp region immediately surrounding the stop cassette. Gel electrophoresis of the PCR products revealed unique banding patterns for each sgRNA ([Figure 3](#fig3){ref-type="fig"}C). For cells treated with sg1, a faint band around 150 bp corresponded to the deletion of around 630 bp and the complete removal of both SV40 sequences. The banding pattern for cells treated with sg2 or sg3 showed a band around 500 bp, indicating the removal of only one SV40 sequence (270 bp deletion). As flow cytometry results showed negligible ReNL expression in these cells, this demonstrates that the remaining SV40 sequence was sufficient for blocking transcription of the downstream ReNL sequence and that removal of both SV40 sequences (\>450 bp deletion) was necessary for gain-of-function ReNL expression. For cells treated with the combination sg2 + sg3 plasmid, a faint band around 500 bp was observed, indicating that only one SV40 sequence was deleted in a fraction of edits, and a second band around 300 bp indicated that both SV40 sequences were deleted in other cells. Thus, the level of editing that led to functional turning on of ReNL (termed Effective Edits in [Figure 3](#fig3){ref-type="fig"}B) was lower in these cells than the total editing level.

qRT-PCR of cells transfected with combination Cas9 and sg1 plasmids revealed that Cas9 mRNA levels stayed relatively constant throughout all time points evaluated ([Figure 4](#fig4){ref-type="fig"}A). Western blots over the same time course showed that Cas9 protein levels steadily accumulated after transfection; expression levels peaked at day 2 and became virtually undetectable after 11 days ([Figure 4](#fig4){ref-type="fig"}B; [Figure S6](#mmc1){ref-type="supplementary-material"}). sgRNA levels plateaued after 48 h ([Figure 4](#fig4){ref-type="fig"}C), and the same trend was observed in ReNL mRNA levels after stop-cassette removal ([Figure 4](#fig4){ref-type="fig"}D).Figure 4Expression Kinetics of CRISPR Components after Codelivery of Cas9 and sg1 Plasmids in 293T Cells(A--D) Cas9 mRNA (A; red curve) and protein expression (A, blue curve; B) were measured over time in HEK293T cells. (C) sgRNA and (D) ReNL mRNA expression kinetics. n = 2 for qRT-PCR experiments; n = 1 for western blots.

Expression Thresholds for 1-Cut and 2-Cut Edits {#sec2.4}
-----------------------------------------------

In order to assess the expression levels necessary to achieve 1-cut knockout edits and 2-cut gain-of-function edits, respectively, we varied the dosage of plasmid DNA delivered in nanoparticles. In 293T cells engineered to express the CRISPR-stop gene construct, a GFP reporter was used to gauge transfection levels. Results showed that lowering the total DNA dose from 600 to 300 ng did not change the percentage of cells positively expressing GFP, but the geometric mean of fluorescence decreased by nearly 50% ([Figure 5](#fig5){ref-type="fig"}A). This effect can be observed in flow cytometry histograms as the 300-ng treatment yielded a larger population of cells with low GFP fluorescence compared to the 600-ng treatment ([Figure 5](#fig5){ref-type="fig"}D, left panel). The lowering of the total DNA dose significantly decreased levels of 2-cut deletion edits ([Figure 5](#fig5){ref-type="fig"}B) but did not significantly change the levels of 1-cut knockout edits ([Figure 5](#fig5){ref-type="fig"}C).Figure 5DNA Dosage Titration Reveals Different Threshold Expression Requirements for 1-Cut and 2-Cut Edits(A) DNA dosage decrease from 600 ng to 300 ng did not change the overall percentage of GFP-positive cells but significantly decreased the geometric mean of expression. (B and C) Dosage decrease significantly decreased the efficacy of 2-cut gene deletion edits (B) but not 1-cut iRFP knockout edits (C). Statistical significance determined by Holm-Sidak corrected multiple t tests; ∗∗p \< 0.01, ∗∗∗p \< 0.001. Data presented as mean + SEM; n = 4. (D) Flow cytometry plots of cells treated with different DNA doses.

We varied the total DNA dose delivered over a wider range in order to probe more thoroughly the effect of transfection efficacy on gene-editing levels ([Figure 6](#fig6){ref-type="fig"}A). The plotting of percent editing as a function of Cas9 mRNA expression levels revealed a logarithmic relationship for 1-cut edits (R^2^ = 0.9550) and a linear relationship for 2-cut edits (R^2^ = 0.9195). Transfection levels were further varied by manipulating cellular metabolic rates through incubation temperature variation ([Figure 6](#fig6){ref-type="fig"}B). Cells were transfected using the same nanoparticle formulation delivering the same DNA dose, after which, they were either incubated at standard 37°C or treated with a transient "cold shock" via incubation at 30°C. Transfection efficacy, as measured by Cas9 mRNA expression levels, increased significantly in cold-shocked cells; the same trend was observed for the level of 2-cut edits. Interestingly, cold shock treatment did not significantly change the level of 1-cut editing efficiency, which is consistent with the results from dose-titration experiments.Figure 61-Cut and 2-Cut Edits in Easy-to-Transfect HEK293T Cells and Hard-to-Transfect B16-F10 Cells(A) 1-cut edit efficiency correlated logarithmically with level of transfection, as indicated by qRT-PCR measurement of Cas9 mRNA expression, whereas 2-cut edit efficiency correlated linearly in 293T cells. (B) In B16 cells, transient cold shock after transfection significantly increased transfection efficacy (measured by Cas9 mRNA expression levels), as well as 2-cut editing efficiency, but no significant change was seen in 1-cut editing efficiency, as assessed by Holm-Sidak corrected multiple t tests; ∗p \< 0.05, ∗∗p \< 0.01. (C) B16 cells achieved minimal levels of 2-cut edits; 1-cut edits were lower compared to 293T cells, but the difference is smaller. Data in (B) and (C) shown as mean + SEM; n = 4. (D and E) Differences in editing are observed in flow cytometry histograms.

1-cut knockout of iRFP expression and 2-cut gain-of-function edits were also performed on B16-F10 murine melanoma cells, which achieved lower levels of transfection compared to 293T cells. This was seen both when transfection was assessed using the geometric mean fluorescence of GFP expression when using a GFP reporter gene for nanoparticle screening ([Figure 1](#fig1){ref-type="fig"}), as well as the level of Cas9 mRNA expression ([Figure 4](#fig4){ref-type="fig"}; [Figure S5](#mmc1){ref-type="supplementary-material"}). The lower transfection level in B16 cells was reflected, most notably, in the results for 2-cut editing, where the ReNL fluorescence observed in B16 cells was 1 order of magnitude lower than 293T cells ([Figures 6](#fig6){ref-type="fig"}C and 6D). Interestingly, the effect of lower transfection efficacy was less pronounced for 1-cut iRFP knockout experiments. Although lower knockout levels were observed in B16 compared to 293T cells, the difference was much smaller (12% for B16 and 33% for 293T). Representative flow cytometry histograms showed that in 293T cells, 1-cut editing produced a new iRFP-negative peak, whereas no such peak was observed in B16 cells, which showed an overall population shift of iRFP expression ([Figure 6](#fig6){ref-type="fig"}E). Since each cell very likely contains several copies of iRFP integrated into the genome,[@bib36] the peak in 293T cells indicates that 1-cut editing produced a small population of cells with complete iRFP knockout, whereas the edited population in B16 cells lost some but not all copies of iRFP, and the incomplete iRFP knockout in this population resulted in a general shift in fluorescence. Combined, this validates results seen earlier with dose titration, as well as temperature-modulation experiments, and confirms our hypothesis that 1-cut knockout edits require a lower expression threshold compared to 2-cut edits.

Standard transfection reagents were also used to assess 2-cut editing efficiency. For both cell lines, the commercially available cationic polymer transfection reagent jetPrime resulted in significantly lower editing levels than PBAE nanoparticles ([Figure S7](#mmc1){ref-type="supplementary-material"}). The commercially available cationic lipid transfection reagent Lipofectamine 3000 enabled significantly higher editing than the earlier-generation linear PBAE polymer 446 in 293T cells but did not achieve significantly higher levels of editing than the newly developed next-generation branched PBAE polymer 7,8-4-J11 in harder-to-transfect B16 cells. Notably, Lipofectamine 3000 caused significantly higher levels of cytotoxicity than both PBAE nanoparticle formulations, further demonstrating the advantage of using a biodegradable gene-delivery system.

A Multiplex tRNA-Guide RNA (gRNA) Expression System {#sec2.5}
---------------------------------------------------

To facilitate a simpler method for multiplex CRISPR editing, we designed a tRNA-gRNA expression system,[@bib17] which utilizes the cell's endogenous tRNA processing machinery to generate multiple sgRNAs ([Figure 7](#fig7){ref-type="fig"}A). With the use of a simple Golden Gate assembly strategy, we created a plasmid in which the targeting sequences and gRNA scaffolds of sg2 and sg3 are arrayed in tandem with pre-tRNA, with all components governed by a single U6 promoter. Mature sgRNA is released after processing of the primary RNA transcript by tRNA-processing RNases. When transfected into cells alongside the Cas9 plasmid, this tRNA-gRNA plasmid enabled similar levels of 2-cut editing as the plasmid in which a U6 promoter governed each sgRNA ([Figure 7](#fig7){ref-type="fig"}B). This demonstrates that the multiplex tRNA-gRNA expression system effectively expressed both sgRNAs required for 2-cut editing.Figure 7A tRNA-gRNA Expression System for Multiplex Editing(A) Schematic of a multiplex sgRNA expression system in which multiple tRNA-gRNA units are arrayed in tandem. The primary RNA transcript is processed by the endogenous tRNA machinery, releasing mature sgRNAs. (B) The tRNA-gRNA plasmid coding for sg2 and sg3 results in similar levels of 2-cut editing compared to a plasmid in which each sgRNA is governed by an individual U6 promoter (sg2 + sg3). Statistical analysis was assessed by one-way ANOVA with Tukey post hoc tests. Data presented as mean ± SEM; n = 4.

Discussion {#sec3}
==========

In this work, we demonstrated that both linear and branched PBAE nanoparticles, codelivering two DNA plasmids encoding Cas9 and sgRNA, respectively, can achieve efficient gene editing in both 1-cut knockout, as well as 2-cut gene-deletion applications. We created a novel CRISPR-stop reporter system that can be used to assess both types of edits: an iRFP fluorescent reporter can be silenced by indels after 1-cut edits, whereas an expression stop cassette upstream of a ReNL reporter can be deleted using 2-cut edits for gain-of-function ReNL expression. This expression cassette was cloned into a piggyBac transposon system and can be used to generate stably expressing cell lines to investigate gene-editing efficacy *in vitro*, eliminating the need to culture primary cells from the Ai9 mouse,[@bib37] on which our reporter system is based. This system further has the potential to be used as an *in vivo* reporter for live-animal imaging studies of effective 2-cut gain-of-function ReNL expression using the red-shifted luminescent properties of ReNL. With the use of two cell lines stably expressing this construct---easy-to-transfect HEK293T and hard-to-transfect B16-F10---we further investigated the transfection requirements for each type of gene editing.

Several recent studies have demonstrated the feasibility of using polymeric nanoparticles, including a different PBAE formulation,[@bib38] to deliver CRISPR gene-editing components in the form of plasmid DNA.[@bib18]^,^[@bib23], [@bib24], [@bib25] All of these systems have exclusively investigated the use of 1-cut editing to achieve gene knockout, and none has presented a systematic study of the expression levels required for 1-cut and 2-cut edits. The removal of a gene segment requires sgRNA to target two sites flanking the region of interest and is significantly more difficult than 1-cut knockout edits.[@bib5] To date, only 3 studies have reported the use of nonviral delivery vectors for 2-cut gene deletion by delivering Cas9 mRNA and sgRNA[@bib14] or RNP complexes,[@bib12]^,^[@bib37] but plasmid delivery with polymeric nanoparticles to achieve this type of deletion has not been previously reported. The use of DNA plasmids to encode Cas9 overcomes the manufacturing challenges of producing large scales of Cas9 mRNA or Cas9 protein, but the intracellular delivery and expression of exogenous DNA can be more challenging than the delivery of its downstream products.

We evaluated two types of PBAE nanoparticles to encapsulate Cas9 and sgRNA plasmids for intracellular delivery of gene-editing complexes. One of these was the well-published linear PBAE polymer 446 that has shown efficacy in multiple cell types, and one was a newly developed branched PBAE polymer 7,8-4-J11; both were found to be useful for developing efficacious biodegradable nanoparticles for gene editing. The cationic polymer and anionic DNA self assembled into nanoparticles 100--200 nm in diameter with positive zeta potentials (12--25 mV) ([Figure 1](#fig1){ref-type="fig"}). Previous reports have shown that high levels of codelivery can be achieved by pre-mixing plasmids prior to nanoparticle assembly.[@bib39] With the use of this strategy, we showed successful codelivery of CRISPR plasmids that enabled robust 1-cut gene knockout ([Figure 2](#fig2){ref-type="fig"}). More importantly, we demonstrated a versatile gene-deletion platform in which a single sgRNA targeting site flanking the region of interest and a combination of sgRNA targeting sites throughout the region of interest both resulted in successful removal of the entire gene segment ([Figure 3](#fig3){ref-type="fig"}). Successful deletion of up to 630 bp could be easily visualized through the gain-of-function expression of a ReNL fluorescence/luminescence dual reporter.

Evaluation of the expression kinetics of Cas9 and sgRNA revealed that Cas9 mRNA was maintained at high levels throughout the time period tested (4.5--48 h), whereas sgRNA expression reached peak levels at 48 h and plateaued thereafter ([Figure 4](#fig4){ref-type="fig"}). The plateau observed in the expression of sgRNA (but not Cas9) in the short term is likely due to a difference in the expression kinetics of the U6 promoter driving sgRNA expression compared to the cytomegalovirus (CMV) promoter driving Cas9 expression. After a slower start, sgRNA rapidly accumulated inside the cell, eventually reaching a plateau, at which point, the expression of additional copies of sgRNA was likely balanced out by plasmid dilution through cellular division. This is a common pattern seen in transient gene expression induced by nanoparticle transfection,[@bib40] and we would expect expression levels of both Cas9 and sgRNA to drop at longer time points. Indeed, when we evaluated Cas9 protein accumulation at longer time periods, we found that Cas9 protein levels declined steadily after 48 h and were virtually undetectable at 11 days post-transfection ([Figure S6](#mmc1){ref-type="supplementary-material"}). Compared to delivery of CRISPR components in mRNA or protein form, where Cas9 protein expression decreased to below levels of detection after 3 days,[@bib21] the long Cas9 persistence time following plasmid DNA delivery raises concerns of off-target editing. It is important to note that the risk of off-target editing following synthetic nanoparticle delivery of CRISPR plasmids is significantly lower than when viral vectors are used for gene editing. However, these risks can be further mitigated by using Cas9 variants[@bib41]^,^[@bib42] that have been engineered to have enhanced proofreading and lower off-target editing rates compared to wild-type Cas9.

We further explored the transfection requirements for 1-cut and 2-cut edits by titrating the total DNA dose delivered. Interestingly, the decrease of total DNA dose from 600 ng to 300 ng significantly decreased the level of 2-cut editing but did not affect the level of 1-cut edits ([Figure 5](#fig5){ref-type="fig"}). The same trend was observed when transfection efficiency was varied by treating transfected cells with a minor cold shock ([Figure 6](#fig6){ref-type="fig"}). A brief cold shock slowed the rate of cellular division, which enhanced protein accumulation in expressing cells and decreased the rate of plasmid DNA dilution in the cell population. This increased transfection efficiency and the level of 2-cut edits, which is consistent with previous reports using cold shock treatment to enhance the editing efficiency of zinc-finger nuclease (ZFN)-mediated gene disruption[@bib43] or CRISPR-mediated, homology-directed repair.[@bib44] In contrast, cold shock treatment did not significantly change the efficiency of 1-cut edits. Recent studies on the enzyme kinetics of sgRNA-Cas9 RNPs have reported that whereas Cas9-sgRNA binding (*k* = 6.1 s^−1^), target DNA binding (*t*~1/2~ = 4--40 s), and DNA cleavage events (*k* = 25--90 s^−1^) happen very quickly,[@bib45] the release of DNA cleavage products is extremely slow (*t*~1/2~ = 43--91 h),[@bib46] causing Cas9 to be virtually a single turnover enzyme. Taken together with these results, our data suggest that 2-cut edits have a much higher expression threshold than 1-cut edits, because twice the number of DNA cleavage events are required for successful edits to occur.

The expression thresholds of 1-cut and 2-cut edits have important implications on gene editing in different cell types. To demonstrate this, we compared the gene-editing efficiency in easier-to-transfect HEK293T and harder-to-transfect B16-F10 cells. HEK293T cells were derived from the parent HEK293 human embryonic kidney cell line and further modified with the SV40 large T antigen.[@bib47] The SV40 large T antigen causes plasmid DNA containing the SV40 origin of replication to unwind inside HEK293T cells, allowing for plasmid DNA replication and high levels of transfection.[@bib48] HEK293T cells are widely known to be an easy-to-transfect cell line and are commonly used for the production of recombinant proteins[@bib49] and viral vectors[@bib50] after transient plasmid DNA transfection using commercially available transfection reagents. B16-F10 cells, commonly used for tumor inhibition studies, are a well-established murine melanoma cell line.[@bib51] B16-F10 cells have been reported to be much more difficult to transfect with nonviral vectors,[@bib52] which is, in part, due to significantly lower nanoparticle uptake levels ([Figure S8](#mmc1){ref-type="supplementary-material"}).

Although the top nanoparticle formulation for each cell line achieved \>80% transfection, as assessed by percentage of total cells transfected, the level of expression, as assessed by the normalized geometric mean of expression of a GFP reporter, was 1 order of magnitude higher for 293T cells ([Figure 1](#fig1){ref-type="fig"}). This discrepancy was reflected in the level of 2-cut edits, as B16 cells showed very minimal levels of ReNL expression after stop-cassette deletion ([Figure 6](#fig6){ref-type="fig"}). In contrast, the difference in editing efficiency between the two cell lines was much smaller for 1-cut iRFP knockout (\<3-fold difference compared to nearly 44-fold difference for 2-cut edits). These results further validate our hypothesis that the efficiency of 2-cut edits correlates more strongly with the level of DNA expression. Taken together, we have demonstrated that low levels of DNA transfection severely limit 2-cut editing efficiency. One solution for improving 2-cut editing efficiency is to deliver CRISPR components in the RNP form, which we recently demonstrated enabled \>40% 2-cut editing in B16 cells after nanoparticle delivery of CRISPR RNPs targeted to excise the transcription stop cassette.[@bib53] This demonstrates that bypassing limits in DNA transfection altogether may be a viable way to achieve efficient 2-cut editing in hard-to-transfect cell lines such as B16 cells.

Finally, we designed and implemented a tRNA-gRNA plasmid in which the expression of multiplex sgRNAs is governed under a single U6 promoter. The expression of two sgRNAs required for turning on ReNL fluorescence in these tRNA-gRNA tandem repeats enabled similar levels of editing compared to that of a plasmid in which each sgRNA is governed by its own U6 promoter ([Figure 7](#fig7){ref-type="fig"}). This expression system has the advantage of ease of synthesis, as upward of 6 sgRNAs can be arranged in tandem using a single Golden Gate assembly reaction.[@bib17] More importantly, the tRNA-gRNA system reduces the need for repeating U6 promoters, enabling the use of a much smaller plasmid construct, especially at high numbers of sgRNAs. Originally developed for use in rice plants,[@bib17] this system has also been adapted for use in yeast[@bib54] and zebrafish.[@bib55] To our knowledge, this is the first time it has been adapted for gene editing in mammalian cells.

In summary, we have demonstrated that PBAE nanoparticles codelivering plasmids encoding Cas9 and sgRNA can achieve 1-cut knockout, as well as 2-cut deletion edits. We designed a novel reporter system, whereby both modes of edits can be easily evaluated. 2-cut deletion events required much higher levels of transfection than 1-cut gene knockout edits, which we demonstrated by titrating the DNA dosage delivered, treating transfected cells with a transient cold shock, and comparing editing efficiencies in two cell lines with different transfection efficacy. The PBAE/DNA nanoparticles optimized here are promising for DNA-based nonviral gene editing. Further, the results presented herein have implications on the design and screening of next-generation nonviral delivery vehicles broadly for CRISPR-Cas9 gene editing.

Materials and Methods {#sec4}
=====================

Materials {#sec4.1}
---------

Small molecules used as monomers for polymer synthesis were obtained as follows: bisphenol A glycerolate (1 glycerol/phenol) diacrylate (B7; 411167), trimethylolpropane triacrylate (B8; 246808), 2-(3-aminopropylamino)ethanol (E6; 09293), and *N*,*N*-diethyldiethylenetriamine (J11; 518832)[@bib56] were purchased from Sigma-Aldrich; 1,4-butanediol diacrylate (B4; 32780) and 4-amino-1-butanol (S4; A12680) were purchased from Alfa Aesar. The following plasmids were purchased from Addgene: hCas9 (41815),[@bib3] gRNA_GFP-T2 (41820),[@bib3] pCAG-GFPd2 (14760),[@bib31] PBCAG-EGFP (40973),[@bib57] piRFP670-N1 (45457),[@bib35] and tubulin-ReNL_pcDNA3 (89530).[@bib58] PB-CMV-MCS-EF1a-RFP PiggyBac plasmid (PB512B-1) and PiggyBac transposase expression plasmid (PB200A-1) were purchased from System Biosciences. sgRNA gBlock sequences were purchased from Integrated DNA Technologies (IDT), and the expression stop cassette was synthesized by Synbio Technologies (Monmouth Junction, NJ, USA). Restriction enzymes and T4 DNA ligase for molecular cloning were purchased from New England BioLabs.

Polymer Synthesis {#sec4.2}
-----------------

Polymer 446 was synthesized by reacting monomers B4 and S4 at a molar ratio of 1.1:1 at 90°C with stirring overnight. The B4-S4 polymer was dissolved in anhydrous tetrahydrofuran (THF) at 167 mg/mL and added to monomer E6 (0.5 M in THF) at a 3:2-volume ratio and reacted at room temperature for 1 h. The end-capped polymer was washed in diethyl ether twice to remove unreacted monomers and oligomers. Solvents were removed in a vacuum desiccant chamber, and polymer was dissolved in DMSO at 100 mg/mL and then stored at −20°C with desiccant. Polymer 7,8-4-J11 was synthesized by reacting monomers B7, B8, and S4 at an overall vinyl:amine ratio of 2.2:1 and monomer concentration of 200 mg/mL in anhydrous DMSO at 90°C with stirring overnight; the acrylate monomer composition was 80% B7 and 20% B8 by mole fraction. Polymer end-capping and purification were done following the same procedure as polymer 446 but using monomer J11.

Nanoparticle Characterization {#sec4.3}
-----------------------------

Nanoparticle hydrodynamic diameter was measured via dynamic light scattering (DLS) using a Malvern Zetasizer NanoZS (Malvern Instruments). Samples were prepared in 25 mM sodium acetate (NaAc) (pH 5.0) and then diluted 1:6 in 150 mM PBS to determine the hydrodynamic diameter in neutral, isotonic buffer. Zeta potential was measured by electrophoretic light scattering on the same instrument. Transmission electron microscopy (TEM) images were captured using a Philips CM120 (Philips Research) on 400 square mesh carbon-coated TEM grids. Samples were prepared at a polymer concentration of 1.8 mg/mL at 30 w/w in 25 mM NaAc, and 30 μL was allowed to coat TEM grids for 20 min. Grids were then rinsed with ultrapure water and allowed to dry fully before imaging.

Cell Culture and Cell Line Preparation {#sec4.4}
--------------------------------------

HEK293T and B16-F10 cells were cultured in Dulbecco's modified Eagle's medium (DMEM; Thermo Fisher Scientific), supplemented with 10% fetal bovine serum (FBS) and 1% penicillin/streptomycin. Cells were induced to express fluorescent protein constructs constitutively using the PiggyBac transposon/transposase system. The GFPd2 gene was cloned into the PB512B-1 plasmid using restriction enzyme cloning to create a PiggyBac transposon plasmid containing the GFPd2 gene. A sequence containing iRFP and transcription stop sequences was cloned into the PBCAG-EGFP plasmid backbone, and the ReNL gene was inserted into this plasmid using restriction enzyme cloning to create a PiggyBac transposon plasmid containing the iRFP-STOP-ReNL sequence (plasmid available on Addgene). Each transposon plasmid was cotransfected with the PiggyBac transposase plasmid into HEK293T and/or B16-F10 cells using nanoparticles, as described below. Fluorescent protein signal from DNA not integrated into the cell genome was allowed to fade over 5 passages, after which, positive cells were isolated using FACS. Cells were further expanded for 3 more passages and sorted again to generate stably expressing cell lines.

sgRNA Design and Preparation {#sec4.5}
----------------------------

Single guide RNAs were designed using the <http://chopchop.cbu.uib.no> platform and ordered as gBlocks containing the U6 promoter, a unique 20-bp targeting sequence, and the duplex optimized sgRNA scaffold from IDT.[@bib5] The gBlocks were cloned into the pCAG-GFPd2 plasmid backbone using restriction enzyme cloning. sgRNA plasmids were transformed into DH5α-competent *E. coli* (NEB) and grown out overnight at 37°C in 5 mL Luria-Bertani (LB) broth liquid cultures, and plasmid DNA was harvested using the QIAprep Miniprep Kit (QIAGEN). Plasmid DNA was characterized using the NanoDrop spetrophotometer (Thermo Fisher Scientific) and sequence confirmed via Sanger sequencing before use in transfections. All sgRNA target sequences are listed in [Table S2](#mmc1){ref-type="supplementary-material"}, and plasmids are available on Addgene.

The gRNA-tRNA plasmid containing multiplex sgRNA constructs under a single U6 promoter was synthesized according to the protocol by Xie et al.[@bib17] Briefly, the pGTR construct containing a sgRNA scaffold sequence, fused to a tRNA fragment, was synthesized as a gBlock from IDT and cloned into a plasmid via restriction enzyme cloning. This pGTR plasmid was used as the template DNA for PCR reactions that produced amplicons used in a hierarchical Golden Assembly process to generate a DNA fragment containing the tRNA-gRNA tandem arrays. This fragment was then cloned into a backbone plasmid containing a U6 promoter via restriction enzyme cloning. The sequences for the pGTR sequence and PCR primers used are listed in [Table S3](#mmc1){ref-type="supplementary-material"}.

Transfection {#sec4.6}
------------

Cells were plated at 15,000 cells per well (HEK293T) or 10,000 cells per well (B16-F10) in 100 μL complete medium in CytoOne 96-well plates (USA Scientific) and allowed to adhere overnight. Polymers and DNA were dissolved separately in 25 mM NaAc at the desired concentrations and then mixed together via pipetting. Nanoparticles were allowed to self-assemble for 10 min, and then 20 μL of the nanoparticle solution was added per well for a final volume of 120 μL and 600 ng DNA per well, unless otherwise noted; for transfection experiments using the CRISPR-Cas9 system, the Cas9 and sgRNA plasmids were used at a 1:1 weight ratio. For example, in order to formulate nanoparticles that would deliver 600 ng DNA per well in 96-well plates at a polymer-to-DNA weight ratio of 60 (60 w/w), plasmid DNA was first dissolved in 25 mM NaAc at 0.06 mg/mL and polymer dissolved at 3.6 mg/mL. These two solutions were then mixed at a 1:1-volume ratio and allowed to self-assemble into nanoparticles. The Nitrogen to Phosphate (N/P) ratio is 34.5 for the 446 60-w/w formulation and 14.5 for the 7,8-4-J11 30-w/w formulation ([Calculation S1](#mmc1){ref-type="supplementary-material"}). Nanoparticles were incubated with cells for 2 h at 37°C, at which point, the media and nanoparticles were removed and replaced with fresh complete media. Commercially available transfection reagents jetPrime (Polyplus) and Lipofectamine 3000 (Thermo Fisher Scientific) were used as instructed by the manufacturer. For cold shock treatment, cells were transfected using standard transfection procedures and allowed to recover at 37°C after media change for 6 h before being moved to 30°C. Cells were maintained at 30°C for 3 days, after which time, they were moved back to 37°C.

Transfection and gene-editing efficacies were evaluated via flow cytometry using a BD Accuri C6 flow cytometer (BD Biosciences). For nanoparticle screening experiments using a GFP reporter gene, transfection was quantified via two methods: (1) the percentage of cells positively expressing GFP when gated against untreated cells was reported as % positive expression, and (2) the geometric mean fluorescence intensity in the FL1 channel (corresponding to GFP) for each treated well was normalized against that of untreated control wells, and the normalized geometric mean expression was reported. CRISPR knockout was quantified by normalizing the geometric mean fluorescence of treated wells to that of wells transfected with the Cas9 plasmid only. Gain of fluorescence was quantified as the percentage of cells positively expressing the fluorescent protein when gated against untreated control. Gene editing in gene-deletion experiments was also assessed by luminescence readings using the Promega Nano-Glo Luciferase assay system (Promega), measured with a Synergy2 plate reader (Biotek) with open optics and normalized to untreated control. Cell viability was assessed 24 h post-transfection using the MTS CellTiter 96 Aqueous One cell proliferation assay (Promega) (n = 4 ± SEM). Unless otherwise stated, flow cytometry to assess gene editing efficacy was performed on day 3 post-transfection.

Surveyor Assay {#sec4.7}
--------------

Genomic DNA from cells transfected with the combination Cas9-sgRNA plasmids and untransfected control was isolated using the GeneJET genomic DNA purification kit (Thermo Fisher Scientific). A 660-bp region flanking the predicted cut site was PCR amplified, and the PCR products were purified using the QIAquick PCR purification kit. 400 ng of PCR amplicons was hybridized, and the Surveyor assay was performed using the Surveyor mutation detection kit (IDT), following the manufacturer's instructions. The uncut and cut DNA products were then run on a 2% agarose gel stained with ethidium bromide in Tris/borate/EDTA (TBE) buffer and imaged under UV light.

TIDE Analysis to Assess 1-Cut Editing Efficiency {#sec4.8}
------------------------------------------------

Sanger sequencing was performed on purified PCR products from Surveyor assays. Sequencing data were uploaded to the online TIDE analysis tool (<https://tide.deskgen.com>) to assess 1-cut editing efficiency.

Gel Electrophoresis Assay to Assess 2-Cut Editing Efficiency {#sec4.9}
------------------------------------------------------------

Genomic DNA from 293T-CRISPR-stop cells transfected with Cas9 and sgRNA plasmids or untransfected controls were isolated as described above. An 800-bp region flanking the predicted cut sites was PCR amplified, and PCR products were purified as described above. Standard gel electrophoresis was performed on PCR products using 2% agarose gel stained with ethidium bromide in TBE buffer at 80 V for 45 min and imaged under UV light to reveal unique banding patterns ([Figure 3](#fig3){ref-type="fig"}C). Band intensities were quantified using ImageJ image processing software, and % editing was calculated using the method reported by Schumann et al.[@bib59] Edits where \>450 bp were deleted were quantified as Effective Edits, leading to gain-of-function ReNL expression, whereas all deletion edits were quantified as Total Edits for each sample.

Sanger Sequencing to Detect Gene Editing {#sec4.10}
----------------------------------------

PCR products for the Surveyor assay were cloned into plasmid vectors using the NEB PCR Cloning kit and transformed into DH5α-competent *E. coli* (NEB). 30 colonies were grown out in 5 mL liquid cultures overnight, and the plasmid DNA was isolated and characterized by Sanger sequencing.

qRT-PCR {#sec4.11}
-------

Cells transfected with the combination Cas9-sgRNA plasmids in a 12-well plate were collected, and total RNA, including small RNAs (\<100 nt), were extracted using the miRNeasy Mini Kit (QIAGEN). RNA was reverse transcribed using the iScript cDNA synthesis kit (Bio-Rad), and qRT-PCR was run on a StepOnePlus Real-Time PCR system (Thermo Fisher Scientific) using SYBR Green PCR Master Mix (Thermo Fisher Scientific). The qPCR program is as follows: 95°C for 10 min; 95°C 15 s, 55°C 30 s, and 60°C 30 s for 40 cycles. Primers used for qRT-PCR are listed in [Table S1](#mmc1){ref-type="supplementary-material"}. Results are shown as fold expression over β-actin.

Western Blotting {#sec4.12}
----------------

Transfected cells in 12-well plates were lysed in a solution of 1× radioimmunoprecipitation assay (RIPA) buffer and 1× Protease/Phosphatase Inhibitor Cocktail (Thermo Fisher Scientific). The lysate was cleared by centrifugation, protein concentration was determined using Pierce Micro BCA assay (Thermo Fisher Scientific), and samples were denatured in Laemmli sample buffer (Bio-Rad) in the presence of DTT. 50 μg proteins was loaded into 4%--15% Mini-PROTEAN TGX Precast Protein Gels (Bio-Rad). Proteins were then transferred to a polyvinylidene fluoride (PVDF) membrane using a Pierce Power Blotter (Thermo Fisher Scientific). Membranes were blocked in 5% nonfat milk for 1 h at room temperature (RT) and probed with primary antibodies against Cas9 (Cell Signaling Technologies; 14697; 1:500) or β-actin (Abcam; ab8226; 1:10,000) at 4°C overnight. Secondary antibodies were applied at RT for 1 h (mouse immunoglobulin G kappa binding protein conjugated to horseradish peroxidase \[m-IgGκ BP-HRP\]; Santa-Cruz; Sc-516102; 1:1,000). The membrane was developed with Amersham ECL (enhanced chemiluminescence) Western Blotting Detection Reagent (GE Healthcare) and imaged using an ImageQuant LAS 4000 CCD (charge-coupled device) imager (GE Healthcare). Semiquantitative analysis of Cas9 protein expression was done by calculating band intensities using ImageJ image analysis software and normalizing the intensity of Cas9 bands to that of β-actin.

Statistics {#sec4.13}
----------

Prism 8 (GraphPad, La Jolla, CA, USA) was used for all statistical analyses and curve plotting. The statistical test used and number of experimental replicates are detailed in the captions for each figure. Statistical significance was denoted as follows: ∗p \< 0.05, ∗∗p \< 0.01, ∗∗∗p \< 0.001, ∗∗∗∗p \< 0.0001.
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